Sm 1+x Ba 2−x Cu 3 O z (SmBCOss) single crystals with T c = 95 K and a sharp transition were grown by top-seeded solution growth in 1 atm oxygen pressure. Compositional analysis by the inductively coupled plasma (ICP) technique and T c measurement with a superconducting quantum interference device (SQUID) indicate that a nearly stoichiometric SmBCO phase with a high T c value can be reached in a rather wide range of liquid compositions and oxygen partial pressures. Specific features of the SmBCO system phase diagram were elucidated that explain why the SmBCO single crystals grow more easily than YBa 2 Cu 3 O z (YBCO) or Nd 1+x Ba 2−x Cu 3 O z (NdBCO) ones. The surface morphology of nanostripes was investigated by atomic force microscopy (AFM). The nanostripes were thought to act as an effective pinning medium, due to the comparable scale with the vortex core. Furthermore, two SmBCO samples with typical T c values were analysed by energy-dispersive spectroscopy (EDS) and the composition fluctuations along their stripes were studied.
Introduction
In the single-crystal growth of LRE 1+x Ba 2−x Cu 3 O z (LRE: light rare earth elements) solid solutions (LREBCOss), the control of cation stoichiometry is considerably important for the superconducting performance of grown crystals. Since the Ba sites in LREBCO tend to be substituted by the RE elements due to the comparability between RE 3+ and Ba 2+ ions, which would deteriorate the superconducting property [1, 2] , scientists have made efforts to suppress this RE/Ba substitution.
By means of a low oxygen atmosphere in the melt growth, nearly stoichiometric LREBCO with a high T c value can be achieved, and the T c was 7 Author to whom any correspondence should be addressed.
found to decrease along with the increase of the oxygen partial pressure [3] . Alternatively, the problem of RE/Ba substitution in LREBCOss growth could be tackled by precursor composition adjustment, especially in the SmBCOss system. Because the substitution limit of Sm at Ba sites, according to the SmO 1.5 -BaO-CuO x phase diagram, is remarkably smaller than that of Nd at Ba sites [4] , the achievement of a nearly stoichiometric SmBCO crystal is not only dependent on the oxygen control growth. For instance, in previous work, we have obtained SmBCO single crystals in atmospheric ambient by crystal pulling [5] . The high-T c values of grown crystals and the applicability of various solvent composition within a wide range (Ba/Cu ratio: about 0.5-0.6), show the further feasibility of the 'solvent composition adjustment' in the growth of high-T c SmBCO superconductor under even higher oxygen partial pressure.
Besides the high-T c value, the way to obtain further enhancement in the critical current density (J c ) even under high magnetic fields is of great concern. To our knowledge, LREBCO superconductors exhibit the enhanced secondary peak effect in intermediate fields and high irreversibility fields at 77 K [6] , which have attracted extensive interest. In REBCO systems, the J c enhancement is attributed to strong flux pinning, which is mainly divided into two classes: δT c pinning, arising from compositional fluctuation [7] , and small-sized core pinning, induced by crystal defects or nonsuperconducting components [8] . It has been reported that single-domain (Sm 0.5 Eu 0.5 )Ba 2 Cu 3 O z (Sm-Eu123) crystals show superior superconducting properties, in which the compositional fluctuation caused by RE/Ba inter-substitution plays a crucial role as the strong δT c pinning [9] . Similar fluctuation or modulation may occur in the LREBCO single crystals.
In this study, we aim to obtain the high-T c SmBCO superconductor with stoichiometry control by precursor composition adjustment, under P(O 2 ) = 1 atm. In addition, the relationship between the solvent composition, the RE/Ba substitution value x, and the superconducting transition value T c were studied. By means of atomic force microscopy (AFM) together with transmission electron microscopy (TEM), the surface morphology and local compositional fluctuation of SmBCO crystals grown with different x values were investigated. Subsequently, the appearance of a peculiar modulation structure in various SmBCO solid solutions was discussed.
Experimental details
By means of the top-seeded solution growth (TSSG) method, SmBCO single crystals were obtained under 1 atm oxygen pressure. In terms of the SmO 1.5 -BaO-CuO x phase diagram, we selected a relatively wide range of solvent composition: Ba/Cu ratio = 0.45-0.6. Sm 2 O 3 crucibles were used to provide the Sm-nutrient and to prevent contamination. The highly c-axis oriented YBCO thin films were deposited on MgO and were employed as hetero-seeds. The surface temperature was around 1072
• C. The rotation speed and the pulling rate were in the range 70-120 rpm and 0.10-0.20 mm h −1 , respectively. The compositions of grown crystals and fluxes were analysed by the ICP technique. Asgrown SmBCO crystals were divided into sizes of about 1.5 × 1.5 × 1.5 mm 3 and then annealed in a tube furnace at 300
• C for 200 h in oxygen gas flow. Magnetic measurements of single crystals were performed using a SQUID.
Furthermore, the SmBCO samples for AFM characterization were fabricated either by mechanical polishing or by chemical etching with ethanol +1% Br for 60 s followed by ultrasonic cleaning in acetone and isopropanol. The particles taken from two samples with typical T c values were mechanically treated for examination by TEM. The atomic ratio Sm/Ba along a line with a space of 20 nm in each sample was measured by energy-dispersive spectroscopy (EDS). 
Results and discussion
Using the TSSG method, a group of SmBCO single crystals, denoted A to F, was successfully grown under 1 atm oxygen pressure. Since a wide range of liquid composition was applied, the grown crystals exhibit different RE/Ba substitution value as well as different T c value. Figure 1 presents the temperature dependence of magnetization for SmBCO samples A to F, which reflects their critical transition temperatures as a function of the Ba/Cu ratio in the solvent. It is worth noting that the T c values of crystals remain above 90 K when the Ba/Cu ratio varies from 0.5 to 0.6; however, the T c value of sample A falls to an inferior value of 70 K when using the liquid with a Ba/Cu ratio of 0.45. The optimized one, sample D, has a high T c of 95 K with T c less than 0.5 K (the difference between 10% and 90% transition to the zero-field-cooled value at 88 K), which was grown from the solvent with a Ba/Cu ratio = 0.54. Correspondingly, the Sm/Ba substitution value x should be influenced by the liquid composition. According to the ICP composition analysis of SmBCO crystals, the x value in sample A is 0.087, while x in other samples is mostly less than 0.01. On the basis of a report that there is a slight Sm/Ba substitution level x, i.e. less than 0.05, when T c is in the range 95-93 K [10] , the replacement of Sm for Ba in our crystals can be considered negligible, except for sample A. Consequently, we can state that a wide range of Ba/Cu ratio from 0.50 to 0.60 should be appropriate for nearly stoichiometric SmBCO crystal growth under 1 atm oxygen pressure corresponding to a T c value above 90 K. The phase diagram of the SmO 1.5 -BaO-Cu-O system in air [4] indicates that the substitution limit of Sm for Ba is smaller than Nd for Ba at a relatively high temperature region. In analogy with that, the case in pure oxygen shows a similar relationship, which leads to the successful suppression of the Sm/Ba replacement.
As shown in figure 2 , the critical current density J c of samples B to F was measured at 77 K when the applied magnetic field was parallel to the c-axis (the J c -B curve for sample A is absent because the T c value of it is below 77 K), and the value of J c was deduced from the M-H curves using the extended Bean mode [11] . As the optimized and typical one, sample D exhibits an evident enhanced secondary peak effect in the range from 2 to 3 T. Generally, the origin of J c enhancement is flux pinning in REBCO superconductors: δT c pinning and non-superconducting phase or defect pinning. Scaling studies of the volume pinning force of Sm-Eu123 indicated that the dominating pinning in high fields was the δT c pinning [12] . Moreover, a regular fluctuation array considered as additional δT c pinning was found in this mixed REBCO system [9] . In our case, a similar structure was found by means of AFM. In figure 3 , a typical AFM image of the polished surface of a SmBCOss crystal can be observed. The periodic arrangement of the nanostripes is distinct, and along the direction of the arrow in figure 3 , a quantitative analysis of roughness, performed by AFM, exhibits a periodic modulation with a height of 1-2 nm and a wavelength of approximately 50 nm. Firstly, since the peculiar stripes are extensively found in the surface of the sample that had been polished, such nanostructure is thought to originate from within the crystals. Secondly, analogous structure has been observed in other LREBCO or mixed REBCO systems, such as the regular, spotted and irregularly spaced stripes that were observed in NdBa 2 Cu 3 O z single crystals [13, 14] , and surface nanostripes in melt-processed (Sm 0.33 Eu 0.33 Gd 0.33 )Ba 2 Cu 3 O z superconductors [15] . In these cases, the anomalous RE/Ba inter-substitution is more likely to occur, which can be depicted as an oscillation of local composition RE/Ba around the average value. As a consequence, the fluctuation array provides strong flux pinning centres which contribute to J c enhancement.
Reference [9] reported a method to analyse the composition fluctuation by TEM with EDS. We applied a similar analysis in our SmBCO crystals: sample A with inferior T c = 70 K and sample D with T c = 95 K were selected for comparison. In order to obtain an average result, six groups of data were taken from different areas of the two samples, each group comprising several points in a line with a spacing of 20 nm. Figure 4 shows the data after averaging for both sample A and sample D. It is evident that compositional fluctuations around an average value exist in both SmBCO crystals. The average RE/Ba ratio of sample A is 0.675 while that of sample D is 0.592. Because the EDS analysis cannot be absolutely precise, we need to set a standard reference to enable normalization. It should be noted that sample D is nearly stoichiometric; thus, the RE/Ba ratio is around 0.5. Subsequently, the RE/Ba ratio of sample A should be normalized to 0.675 × (0.5/0.592) = 0.570, which means that the substitution level x is equal to 0.089. This result is found to be in good agreement with the ICP analysis result, 0.087, which further confirms the validity of detected composition fluctuation in our samples. It is significant that ordered modulation universally exists in the LREBCOss systems, including SmBCO single crystals, even one having an inferior T c value.
Conclusion
In summary, SmBCO single crystals with T c around 95 K have been grown in a pure oxygen environment. A wide range of liquid composition was found to be suitable for nearly stoichiometric SmBCO growth. As the strong flux pinning in LREBCO superconductors, the nanostripes were observed in the surface of the polished SmBCOss crystals by the AFM approach. Different compositional modulations were detected by EDS analysis from two kinds of SmBCO crystals with different T c ; the calculated substitution value x was found to be in good agreement with the ICP result.
